To explore the similarities and differences of regulatory circuits among budding yeasts, we characterized the role of the unscheduled meiotic gene expression 6 (UME6) gene in Kluyveromyces lactis. We found that Ume6 was required for transcriptional silencing of the cryptic mating-type loci HMLa and HMRa. Chromatin immunoprecipitation (ChIP) suggested that Ume6 acted directly by binding the cisregulatory silencers of these loci. Unexpectedly, a MATa ume6 strain was mating proficient, whereas a MATa ume6 strain was sterile. This observation was explained by the fact that ume6 derepressed HMLa2 only weakly, but derepressed HMRa1 strongly. Consistently, two a/a-repressed genes (MTS1 and STE4) were repressed in the MATa ume6 strain, but were expressed in the MATa ume6 strain. Surprisingly, ume6 partially suppressed the mating defect of a MATa sir2 strain. MTS1 and STE4 were repressed in the MATa sir2 ume6 double-mutant strain, indicating that the suppression acted downstream of the a1/a2-repressor. We show that both STE12 and the MATa2/HMRa2 genes were overexpressed in the MATa sir2 ume6 strain. Consistent with the idea that this deregulation suppressed the mating defect, ectopic overexpression of Ste12 and a2 in a MATa sir2 strain resulted in efficient mating. In addition, Ume6 served as a block to polyploidy, since ume6/ume6 diploids mated as pseudo a-strains. Finally, Ume6 was required for repression of three meiotic genes, independently of the Rpd3 and Sin3 corepressors.
XPLORING the regulation of gene expression of orthologous genes in related organisms can tease out themes and variations in the evolution of regulatory mechanisms. Several studies suggest that the evolution of regulatory mechanisms is a major driving force in the generation of biological diversity (for example, Levine and Tjian 2003 and Tsong et al. 2006) . Among closely related organisms, regulatory mechanisms are often conserved and regulatory regions share high degrees of identity. DNA sequences specifying binding sites for regulators in fact can be identified by aligning regulatory regions of orthologous genes between closely related organisms (Cliften et al. 2003; Kellis et al. 2003) . The usefulness of such approaches diminishes, however, as the evolutionary distance increases. As an example, Saccharomyces cerevisiae and Kluyveromyces lactis separated by 50 3 10 6 to 150 3 10 6 years of evolution rarely produce meaningful promoter alignments. While the two genomes show high degrees of synteny, the regulatory mechanisms or protein-binding sites have diverged to the point where in silico-based methods for predicting regulatory mechanisms are rendered unreliable. It is nevertheless interesting to compare such organisms since a greater variation is expected. Hence, such comparisons should pinpoint regulatory mechanisms that are strictly conserved and identify mechanisms that have evolved quickly.
Unscheduled meiotic gene expression 6 (Ume6) is thoroughly characterized in S. cerevisiae. Ume6 binds to the URS1 sequence present in the regulatory regions of several early meiotic genes (Anderson et al. 1995) . Ume6 regulates these genes both by repressing them during vegetative growth and by being required for their full induction during meiosis (Buckingham et al. 1990; Strich et al. 1994; Steber and Esposito 1995) . This molecular switch is achieved by the interaction of Ume6 with different factors during mitosis and meiosis (RubinBejerano et al. 1996; Kadosh and Struhl 1997) . During mitosis, Ume6 interacts with the Sin3-Rpd3 corepressor complex. Rpd3 deacetylates histone H3 and H4 in proximity to the Ume6-binding site facilitating transcriptional repression (Kadosh and Struhl 1998; Rundlett et al. 1998) . In addition, Ume6 recruits the Isw2 chromatin-remodeling complex, which also contributes to transcriptional repression in a parallel pathway to Rpd3-Sin3 (Goldmark et al. 2000) . During meiosis, Ume6 becomes phosphorylated by the yeast GSK3b homologs Rim11 and Mck1, leading to its association with Ime1 (Malathi et al. 1997; Xiao and Mitchell 2000) , This Ume6-Ime1 complex is important for the induction of meiotic genes.
Recently, the view that Ume6 is converted to an activator during meiosis was challenged. Ume6 was shown to be degraded during early meiosis by ubiquitin-mediated proteolysis, and this degradation was important for meiotic gene expression and progression (Mallory et al. 2007) . Microarray analysis of ume6 mutant strains showed that the Ume6 regulon involves carbon/nitrogen metabolism genes in addition to meiotic genes. Hence, Esposito and co-workers suggested that Ume6 couples metabolic responses to nutritional cues with the initiation of meiosis in diploid cells (Williams et al. 2002) .
Silencing of the cryptic mating-type loci in S. cerevisiae requires a combination of regulatory sequences and dedicated proteins (Rusche et al. 2003) . The HMR-E silencer contains binding sites for Rap1, Abf1, and ORC (Brand et al. 1987; Shore and Nasmyth 1987) . These proteins recruit Sir proteins (Rine and Herskowitz 1987) to the silencer. Sir2 deacetylates the N-terminal tails of histones H3 and H4 (Imai et al. 2000; Landry et al. 2000; Smith et al. 2000) . Sir3 and Sir4 bind strongly to the deacetylated histone tails (Hecht et al. 1995) , to each other, and to Sir2 (Hecht et al. 1996; Triolo and Sternglanz 1996; Moazed et al. 1997; Ghidelli et al. 2001) . Other notable molecular contacts include Rap1 interacting with Sir3/Sir4 (Moretti et al. 1994; Cockell et al. 1995) and Orc1 interacting with Sir1 (Triolo and Sternglanz 1996; Gardner and Fox 2001) . In combination, these molecular interactions, coupled to a deacetylation of histones, lead to the spread of a stable silencing complex encompassing the entire HMRa locus (Rusche et al. 2002) . Silencing of the cryptic mating-type loci is important for mating proficiency in S. cerevisiae because simultaneous expression of genes specifying both mating types leads to sterility. In MATa/MATa diploids or sir mutant haploid strains, the a1 and a2 homeodomain transcription factors form a heterodimer that represses transcription of haploid-specific genes (hsgs) (Herskowitz 1988) . Hsgs include those genes encoding the subunits of the heterotrimeric G-protein (STE4, STE18, and GPA1) (Galgoczy et al. 2004) . The heterotrimeric G-protein is essential for mating pheromone signaling, which explains the mating defect of silencing-deficient strains.
K. lactis also contains cryptic mating-type loci that are transcriptionally silenced (Å strö m and Rine 1998). During an earlier characterization of the K. lactis HMLa silencer, we discovered a minimal DNA fragment (102 bp long), which was capable of mediating silencing (Å strö m et al. 2000) . In this minimal silencer, three short DNA sequences essential for silencing were identified (Sjö strand et al. 2002) . These sites were named the A-, B-, and C-boxes, respectively. The B-box is a binding site for the Myb-domain protein Reb1, and strains carrying temperature-sensitive reb1 alleles could not silence HMLa at the restrictive temperature. The proteins binding to the A-and C-boxes are unknown, but the A-box overlapped with a potential binding site for Ume6. Additionally, the HMRa silencer contained potential binding sites for both Ume6 and Reb1.
In this study, we investigated the role of Ume6 in the silencing and regulation of meiotic genes in K. lactis. Ume6 was required for silencing of both HMRa and HMLa and also for repressing a subset of meiotic genes during vegetative growth. We also found an unanticipated role for Ume6 in promoting the MATa/MATa cellular identity.
MATERIALS AND METHODS
Yeast strains: The strains used in this study are listed in Table 1 . Unless noted otherwise, all gene deletions were generated using a one-step gene disruption procedure (Rothstein 1983 ) with a NAT or kanMX PCR fragment amplified from pAG25 (Goldstein and McCusker 1999) or pFA6a-kanMX (Bahler et al. 1998 ) and confirmed by DNA blots or locusspecific PCR. SAY536 (MATa) was generated by crossing SAY119 with SAY186 (Å ström et al. 2000) , followed by tetrad analysis. SAY537 and SAY538 (MATa nej1TLEU2) were generated by crossing SAY536 with SAY572 (MATa nej1TLEU2) (Kegel et al. 2006) . The strains SAY549 (ume6TkanMX), SAY839 (sin3TNAT), and SAY1084 (ste4TNAT) were generated in SAY572. SAY541 (ume6TkanMX) and SAY544 (sir2T kanMX) were generated in SAY538. SAY726 (hmr aTNAT) and SAY838 (sin3TNAT) were generated in SAY509 (MATa nej1TLEU2) (Kegel et al. 2006) . SAY571 (MATa sir2TkanMX) was generated by crossing SAY544 with CK213. SAY276 (rpd3TLEU2) was generated by a two-step procedure deleting RPD3 in CK213. The double mutants SAY586 (sir2TkanMX ume6TkanMX), SAY945 (sir2:kanMX rpd3TLEU2), and SAY947 (sir2TkanMX sin3TNAT) were generated by crossing the respective single mutant with SAY571. SAY732 (hmr aTNAT ume6TkanMX) was generated by crossing SAY726 with SAY549, followed by tetrad analysis. Selecting LEU2 1 segregants from the cross between SAY276 with SAY119 generated SAY789 (MATa rpd3TLEU2). SAY721 (UME6-13XMYC) was generated by amplifying a 13XMYC-containing PCR fragment with 50 bp of flanking DNA corresponding to the UME6 39 end and introducing it in SAY537. Diploid strains used in the a/a-cell identity mating assay and fluorescence activated cell sorter (FACS) analyses were made by crossing SAY538 (WT) with SAY572 (WT), SAY538 with SAY549 (ume6TkanMX), and SAY541 (ume6TkanMX) with SAY549, thus generating the WT, heterozygous (UME6/ume6), and homozygous (ume6/ ume6) mutant diploids, respectively.
Media and standard methods: Growth media for yeast and bacteria; preparation of DNA, RNA, and protocols for DNA and RNA blots; and transformation of yeast and bacteria are described elsewhere (Schiestl and Gietz 1989; Ausubel 1999) . Mating assays were performed as described (Å ström and Rine 1998) by mixing 5 ml (A 600 $0.5) of each mating partner on a 2 3 2-cm area on a YEPD or selection plate. The mating plate was incubated for 18-24 hr at 30°, replica printed on selective media, and incubated for a further 72-96 hr before the result was scored. For RNA blots, the probes used corresponded to the following regions of the genes investigated: STE4 (1788-1271 bp), MTS1 (ORF), ACT1 (1382-1408 bp), DIG1 (1446-1015 bp), a2 (140-456 bp), STE12 (11531-1982 bp), HOP1 (1669-1092 bp), SPO69 (1782-1262 bp), and CST9 (1119-638 bp). Detection and quantification of signals from RNA blots were done using a FLA-3000 phosphorimager (Fuji, Tokyo) and the Multi Gauge software (Fujifilm).
Plasmids: Plasmids p291 and p414 are described elsewhere (Å ström et al. 2000) . The pEB119 (pCXJ20-pADH1-a2) plasmid was generated by a three-factor cloning using a BamHI-PstI PCR fragment containing the S. cerevisiae ADH1 promoter (À492 to À13 bp, relative to the start codon), a PstIHindIII PCR fragment containing the K. lactis a2 ORF and BamHI-HindIII-digested pCXJ20 (LEU2). The pEB18 (pCXJ18-pGAL1-STE12) vector was generated in two steps. pPMB35 (pCXJ18-pGAL1-MTS1) (Barsoum et al. 2010 ) linearized with SmaI was cotransformed with a PCR fragment containing K. lactis STE12 and 50 bp of homology on each side to the Gal1 promoter and cloning cassette, respectively. Recombination in vivo generated pEB18.
FACS analysis: A 1-ml sample of exponentially growing cells (A 600 $0.5) was centrifuged and fixed by dissolving the pellet in cold 70% ethanol while vortexing. The cells were centrifuged and resuspended in 0.8 ml 50 mm Tris-HCl (pH 7.8) and then 20 ml RNase A (10 mg/ml) was added, followed by an incubation at 37°for 12 hr. Cells were resuspended in 0.5 ml 200 mm Tris-HCl (pH 7.5), 211 mm NaCl, and 78 mm MgCl 2 . Then, 55 ml of 1 mg/ml propidium iodide was added; the cells were sonicated and analyzed by FACS.
Chromatin immunoprecipitation and quantitative PCR: ChIP was performed as described (Ausubel 1999) . Briefly, cells grown in 50 ml of YEPD (OD 600 $1) were fixed in 1% formaldehyde for 15 min and then quenched with 125 mm glycine for 5 min at room temperature. Cells were resuspended in 250 ml lysis buffer [0.1% deoxycholic acid, 1 mm EDTA, 50 mm HEPES (pH 7.5), 140 mm NaCl, 1% Triton X-100] containing Complete Mini protease inhibitors (Roche). Then the cells were disrupted with glass beads in a multivortexer for 30 min at 4°. The chromatin was sheared, and immunoprecipitation was performed with 20 mg/ml of anti cMyc antibody 9E10 (Santa Cruz). Input DNA was recovered before the immunoprecipitation. The precipitates were washed 5 min with several buffers according to the protocol. The crosslinking was reversed, and the DNA was purified and RNase A treated. Quantitative PCR (qPCR) reactions were performed in triplicates using SYBR Green PCR Master Mix (Applied Biosystems) on an ABI-Prism 7000 instrument. As reference, standard curves were determined on dilutions of input DNA. For quantitative RT-PCR, total RNA from logarithmically growing cells was converted into cDNA using a cDNA synthesis kit and the conditions recommended by the manufacturer (Invitrogen). Briefly, 5 mg of RNA was treated with DNase I followed by first-strand cDNA synthesis using Superscript II RTand an oligo(dT)20 primer. As reference, the ACT1 gene was used, and quantification was performed by the comparative C T method. The sequences of primers used are available in the supporting information, Table S1 . Analysis of the data was performed using the 7000 System sequence detection software.
Random spore analysis: Cells were scraped off a sporulation plate and resuspended in 1 ml TE (10 mm Tris and 1 mm EDTA), and the total cell count was determined using a Bürkner chamber. The suspension was divided in two aliquots where one was put aside as a control. To the other aliquot, 50 ml of 2 mg/ml Zymolyase was added followed by incubation MATa leu2 lysA1 metA1 nej1TLEU2 ste4TNAT trp1 ume6TkanMX uraA1 This study SAY1084 MATa leu2 lysA1 metA1 nej1TLEU2 ste4TNAT trp1 uraA1 This study at 37°for 10 min. All vegetative cells were killed by an additional incubation at 55°for 10 min. Both suspensions were serially diluted in TE and plated on YEPD plates.
RESULTS
Comparison of S. cerevisiae and K. lactis Ume6: A BLAST search using the Génolevures database (http:// cbi.labri.fr/Genolevures) revealed the presence of a single UME6 ortholog in the K. lactis genome. KlUme6 (787 amino acids) was 26% identical and 41% similar compared with ScUme6 (838 amino acids). The alignment between the proteins (Figure 1 ) revealed that the C-terminal DNA-binding domain was highly conserved between yeasts ($90% identity), indicating that the DNA sequences that the two proteins recognize were similar. This domain forms a C 6 zinc cluster and exhibits a zinc-dependent binding to the URS1 DNA sequence (Anderson et al. 1995) in S. cerevisiae. An earlier study (Washburn and Esposito 2001) of the interaction between ScUme6 and the Sin3 corepressor identified a number of mutations in Ume6 that abolished this interaction. These mutations were clustered to amino acids 523-530 of ScUme6 and were predicted to be part of an amphipathic a-helix. This stretch of amino acids was highly conserved in KlUme6 (Figure 1 ), indicating that a similar interaction also occurs in milk yeast. In addition, the NH 2 -terminal domain (1-158) of ScUme6 interacts with the Ime1 transcriptional activator (RubinBejerano et al. 1996) . Threonine 99 in ScUme6 is probably phosphorylated by Rim1 (Malathi et al. 1997) , which in turn is important for this interaction. Threonine 99 as well as two other threonine residues in the vicinity were also conserved between species.
Ume6 is required for silencing of HMRa and HMLa: To investigate the role of Ume6 in K. lactis, we generated strains of the opposite mating type in which the UME6 ORF was replaced by a kanMX marker gene. Both the MATa ume6TkanMX and MATa ume6TkanMX strains displayed normal growth. Next, these strains were tested for silencing defects. We investigated the expression of the MATa1/HMLa1, MATa2/HMLa2, MATa1/HMRa1, and MATa2/HMRa2 genes and normalized to the expression of ACT1. Total RNA isolated from MATa and MATa wild-type strains and isogenic ume6 mutants was subjected to quantitative RT-PCR. We began by investigating the expression of the HMRa1 and HMRa2 genes ( Figure 2A ). The HMRa1 gene was efficiently silenced in the MATa wild-type strain, and the ume6 mutation resulted in derepression of a1 expression, consistent with Ume6-mediated silencing of HMRa1. Surprisingly, the HMRa2 gene was expressed in the wildtype MATastrain. The levels of a2 mRNA in the wild-type MATa strain were $50% of the levels in the wild-type MATa strain, indicating a gene dosage effect. In the MATa ume6 strain, a2 expression was only moderately increased. Since this result was unexpected, we repeated the assay using an independent primer pair from which similar results were obtained (data not shown; see discussion).
Next we investigated the expression of the HMLa1 and HMLa2 genes ( Figure 2B ). Both the HMLa1 and the HMLa2 genes were efficiently silenced in the MATa wild-type strain. Absence of Ume6 derepressed their expression, but the effect was weaker compared to the derepression of HMRa. In the MATa ume6 strain, the HMLa1 and HMLa2 genes were derepressed to only 37% and 6.5%, respectively, of their expression levels in the wild-type MATastrain. In contrast, in the MATa ume6 strain, the HMRa1 and HMRa2 genes were efficiently derepressed (68% and 78%, respectively, of their expression levels in a wild-type MATa strain). We concluded that Ume6 had an essential role in the silencing of HMRa, but also an important role in the silencing of HMLa.
Ume6 interacts with both the HMRa and the HMLa loci: We showed previously that if the potential Ume6-binding site in the HMLa silencer was mutated, then silencer function was compromised (Sjö strand et al. 2002) . In addition, the HMRa silencer contained two potential Ume6-binding sites ( Figure 1A ), but their contribution to silencing remains unknown. These observations, together with the finding that ume6 mutant strains derepressed both HMRa and HMLa, strongly suggested that binding of Ume6 to the silencers was important for silencing. To investigate if Ume6 could bind the HMRa and HMLa silencers in vivo, we performed a ChIP experiment followed by qPCR using a Ume6-13XMyc fusion protein and an antiserum (9E10) that specifically recognized the Myc epitope. We amplified DNA from several regions ( Figure 1A) , two of which were in close proximity to the predicted Ume6-binding sites in the HMRa and HMLa silencers. In addition, we analyzed regions located in the MATa1/HMLa1, MATa2/HMLa2, and MATa3/HMLa3 ORFs. Finally, we used the ACT1 ORF as a negative control because it contains no discernible Ume6-binding site. The Ume6-13XMyc fusion protein appeared to function normally because the MATa UME6-13XMyc strain mated with normal efficiency (data not shown; see below). As a control, we compared the UME6-13XMyc strain with an isogenic untagged (UME6) strain. Relative to input DNA, in the UME6-13XMyc strain we recovered 1.4% of the HMRa locus and 1.1% of the region close to the Ume6-binding site in HMLa. In contrast, in the untagged strain using the same primer pairs, we recovered only 0.10% of the HMRa silencer and 0.09% of the HMLa silencer ( Figure 2C ). In addition, ChIP samples in which the 9E10 antiserum was omitted recovered only background levels of HMRa and HMLa. When we used primer pairs that amplified in the MATa1/HMLa1, MATa2/HMLa2, and MATa3/HMLa3 ORFs, lower levels of DNA were precipitated from the UME6-13XMyc strain (0.44-0.43% of input) comparable to the ACT1 ORF (0.34% of input). Hence, Ume6 did not spread efficiently over the HMLa locus. We concluded that Ume6 could bind the silencers in vivo and thus most likely had a direct effect on silencing.
A MATa ume6 strain is sterile but a MATa ume6 strain is fertile: An alternative measure of silencing of the cryptic mating-type loci is mating assays. The logic for this is that derepression of the cryptic mating-type loci results in sterility due to the simultaneous expression of the a1 and a2 proteins. The MATa ume6 strain mated very inefficiently with a MATa tester strain compared to the wild-type parent. However, a MATa ume6 strain showed no mating defect when mixed with a MATa tester strain ( Figure 3A) . Lack of Ume6 thus resulted in a MATa-specific mating defect. These results were consistent with the gene expression analyses because the absence of Ume6 efficiently derepressed HMRa1, but only weakly derepressed HMLa2.
If the a-specific mating defect was solely due to the derepression of HMRa, then the deletion of this locus should suppress the mating defect. We generated a MATa ume6 hmra strain and tested the mating proficiency. Deletion of HMRa substantially improved mating in the MATa ume6 strain, but did not completely suppress the mating defect ( Figure 3B) . Hence, the mating defect of a MATa ume6 strain was largely explained by the derepression of HMRa, but loss of Ume6 also compromised some other aspect of a-mating.
Haploid-specific genes are repressed in the MATa ume6 strain but expressed in the MATa ume6 strain: To further explore the MATa-specific mating defect of ume6 strains, we investigated the transcription of hsgs. We wanted to compare the transcription of hsgs in MATa ume6 and MATa ume6 strains. Both the gene expression analyses and the mating phenotypes suggested that hsgs were repressed in MATa ume6 but expressed in MATa ume6. The only gene previously reported to be an hsg in K. lactis is MTS1 (Barsoum et al. 2010) , the ortholog of S. cerevisiae RME1. K. lactis NEJ1 is not repressed in diploids (Kegel et al. 2006) , and K. lactis does not contain a functional HO gene (Fabre et al. 2005) . To uncover additional K. lactis hsgs, we identified the orthologs of the S. cerevisiae FUS3, GPA1, STE4, STE18, and STE5 genes. These genes are directly repressed by the a1/a2 heterodimer in S. cerevisiae (Galgoczy et al. 2004) . We tested the cell-type-specific transcription of these genes on RNA blots (data not shown). The STE4 transcript was reduced severalfold in the presence of the a1/a2 repressor and is thus a bona fide hsg.
Next we tested the expression of STE4 and MTS1 in MATa ume6, MATa ume6, and their corresponding wildtype parents ( Figure 4A ). Consistent with the mating phenotypes, the MATa ume6 strain expressed close to normal levels of the transcripts, but the MATa ume6 Figure 2 .-Ume6 is required for silencing of the cryptic mating-type loci. (A) Quantitative RT-PCR analysis using primers specific for the a1 and a2 genes and RNA from MATa (SAY538), MATa ume6 (SAY541), MATa (SAY572), and MATa ume6 (SAY549) strains. (B) Same as in A, but using primers specific for the a1 and a2 genes. The amount of cDNA in each sample was first normalized to the ACT1 gene. The expression levels of a1 and a2 in SAY572 was set to 1.0 in A, and the expression levels of a1 and a2 in SAY538 was set to 1.0 in B. Values shown are the average of two independent experiments with the maximum and minimum values indicated. (C) ChIP was performed on strains SAY537 (UME6) and SAY721 (UME6-13XMYC) using an anti-Myc antiserum (9E10). Following ChIP, DNA associated with the HMRa and HMLa silencers and the MATa1/ HMLa1, MATa2/HMLa2, MATa3/HMLa3, and ACT1 ORFs was analyzed by qPCR using locus-specific primers (as indicated by the colors). Mock immunoprecipitations, in which the 9E10 antiserum was omitted, are included. The y-axis represents the amount of precipitated DNA relative to a standard curve obtained from dilutions of the input DNA. Values shown are the standard error of the mean resulting from three independent experiments. strain showed reduced expression of both STE4 and MTS1. Hence, while partial derepression of HMLa2 in ume6 strains was not sufficient to induce a/a repression, a robust derepression of HMRa1 was.
The ume6 mutation suppressed the mating defect of a MATa sir2 strain: We generated a MATa ume6 sir2 double-mutant strain in which we expected a strong derepression of HMLa. As shown previously, sir2 is required for the silencing of the HMLa locus, and consequently MATa strains that harbor a sir2 mutation display a severe mating defect (Chen and ClarkWalker 1994 ; Å strö m et al. 2000) ( Figure 3C ). Importantly, the MATa sir2 mating defect was efficiently suppressed by a mutation (hmlaDp), which abolished HMLa1/2 transcription. Surprisingly, the MATa sir2 ume6 double-mutant strain mated more efficiently than the sir2 single-mutant strain ( Figure 3C) . Hence, the absence of Ume6 partially suppressed the mating defect that normally results from derepression of HMLa in a MATa background. Thus, the role of Ume6 in mating in K. lactis was complex and needed further examination.
We investigated the transcription of hsgs in the MATa sir2 ume6 double-mutant strain. Inconsistent with the mating phenotype, the MATa sir2 ume6 mating-proficient strain showed clear signs of a/a repression, almost to the same extent as the repression observed in the matingdeficient MATa sir2 strain ( Figure 4A ). We concluded that the absence of Ume6 must affect processes distinct from the a/a repression of hsgs to suppress the mating defect. ume6 is not a bypass suppressor: STE4 encodes the b-subunit of the heterotrimeric G-protein necessary for mating pheromone signaling and is essential for mating in S. cerevisiae (Whiteway et al. 1989 ) and K. lactis (Kawasaki et al. 2005) . We investigated the possibility that the lack of Ume6 activated an unusual MATa mating pathway that was independent of mating pheromone signaling. We thus generated a ste4 null mutant strain and combined this mutation with the ume6 mutation. Both the ste4 single-mutant and the ste4 ume6 doublemutant strains were completely sterile in both MATa and MATa backgrounds ( Figure 4C ; data not shown). Hence ume6 was not a bypass suppressor, and ume6 strains required the normal mating pheromone pathway for mating proficiency.
Ume6 maintains the a/a cell type: A previous study showed that dig1/dig1 dig2/dig2 diploid S. cerevisiae strains expressed a-specific genes and mated as pseudo a-cells (Gelli 2002) . In addition, a dig1/dig1 dig2/dig2 diploid S. cerevisiae strain repressed the hsg RME1, indicating that the a1/a2 repressor complex is still active in the absence of Dig1/2. This phenotype was analogous to our observations in the MATa sir2 ume6 background, and we thus tested if Ume6 was important to maintaining sterility of MATa/MATa diploids in K. lactis. Homozygous ume6 mutant diploids mated with a MATa tester strain, while a heterozygous UME6/ume6 diploid strain could not ( Figure 5A ). Neither diploid strains mated with a MATa tester strain (data not shown). To directly demonstrate the presence of triploid cells, we scraped cells from the mating plates and measured the DNA content in a FACS. A peak corresponding to a higher DNA content than a control MATa/MATa diploid was uniquely present in the cells resulting from mating the MATa/MATaume6/ume6 strain with the MATa tester strain ( Figure 5B ). The triploid state appeared unstable, however, because we also observed peaks corresponding to a diploid DNA content in this sample. We concluded that Ume6 was necessary for diploid sterility in K. lactis.
Strains lacking Ume6 and Sir2 overexpressed a2 and Ste12: We next investigated the transcription of the single DIG ortholog in the K. lactis genome. In addition, we examined the transcript levels of K. lactis STE12 and HMRa2/MATa2 ( Figure 5C ) because these genes encode regulators of the mating response. Ume6 singlemutant strains did not show large differences (,1.5-fold) compared to the isogenic wild-type strains for any of the transcripts investigated. It should be noted that the expression of HMRa2/MATa2 was low in wild-type strains and hence difficult to detect, but was observed in the quantitative RT-PCR analysis (Figure 2A) . The matingproficient MATa sir2 ume6 double-mutant strain overexpressed both STE12 (2.4-fold) and a2 (5-fold), both averages of two independent experiments, compared to a MATa wild-type strain. The a2 gene was also overexpressed in the sir2 single-mutant strain, but not to the same extent as in the sir2 ume6 double mutant. Hence, a plausible explanation for the mating proficiency of the MATa sir2 ume6 strain, despite the a/a repression, was the derepression of STE12 and/or MATa2/HMRa2 transcription. We set out to test this idea by introducing plasmid-borne copies of these genes into a MATa sir2 strain. The STE12 gene was controlled by the GAL1 promoter and the MATa2 gene was expressed from the ADH1 promoter. The plasmid-encoded STE12 and a2 genes were functional because they complemented the mating defect of the corresponding mutant strain (data not shown). While the increased expression of a2 or STE12 was unable to suppress the mating defect of the MATa sir2 strain, the overexpression of both proteins simultaneously could ( Figure 5D ). This remarkable result suggests that increased expression of Ste12 and a2 provides a molecular explanation for ume6 suppression of the MATa sir2 mating defect.
Ume6 is required for repression of a subset of meiotic genes in K. lactis: It is possible that the set of genes repressed by Ume6 in S. cerevisiae and K. lactis completely changed, i.e., from meiotic genes to the cryptic mating-type loci. To learn if Ume6 repressed meiotic genes in K. lactis also, we searched the genome using the consensus Ume6-binding sites from S. cerevisiae as query (TCGGCGGCTAA). To limit the number of positive hits, we considered only perfect matches to the 11-bp Ume6 consensus site. An exact match to an 11-bp sequence should occur stochastically only once in every 4 3 10 6 bp and approximately three times in the K. lactis genome. Fourteen hits were recovered and 11 resided in intergenic, potential regulatory regions. One of the perfect matches was in the HMRa silencer, but the potential Ume6-binding site in the HMLa silencer was not identified since this sequence had two mismatches compared to the 11-bp consensus. Strikingly, 6 of the consensus Ume6-binding sites resided in the potential regulatory regions of the NDT80, MER1, SPO22, SPO69, HOP1, and CST9 genes. The S. cerevisiae orthologs of these genes were previously implicated as direct Ume6 targets and/or as having meiosis-specific functions (Engebrecht and Roeder 1990; Xu et al. 1995; Williams et al. 2002) . Using RNA blots from wild-type and ume6 mutant strains, we investigated if the expression of these genes was affected by the absence of Ume6. The CST9, HOP1, and SPO69 transcripts accumulated in both MATa ume6 and MATa ume6 strains, but were undetectable in the wild-type MATa strain ( Figure  6A ). The NDT80, MER1, and SPO22 transcripts were not detectable in either the absence or the presence of Ume6 (data not shown). Since the CST9, HOP1, and SPO69 genes contained Ume6-binding sites in their regulatory regions and Ume6 was required for their transcriptional repression, they were likely direct Ume6 target genes. To test this idea for SPO69, ChIP/qPCR was performed using primers specific for the SPO69 regulatory region (amplifying close to the potential Ume6-binding site). Relative to input DNA, we recovered 0.63% DNA from the UME6-13XMyc-tagged strain, but only 0.08% was recovered from the untagged strain ( Figure 6C ). Hence, Ume6-13XMyc associated with the SPO69 regulatory region. We concluded that, similar to S. cerevisiae Ume6, K. lactis Ume6 repressed meiosisspecific genes during vegetative growth.
Ume6 is required for efficient sporulation: Next we determined if Ume6 was required for sporulation in K.
lactis. We generated a homozygous ume6/ume6 diploid and examined the formation of tetrads using light microscopy at various time points after transfer to solid sporulation media. A wild-type diploid has visible tetrads already after 24 hr while after 72 hr $10% of the diploids have sporulated. In contrast, the ume6/ume6 diploid did not form any tetrads even after prolonged incubation ($1 week). Visible inspection of cells did not rule out that a low frequency of sporulation was completed in the Mating tests of a MATa sir2 strain (SAY569) containing empty plasmids (pCXJ18 1 pCXJ20), a plasmid overexpressing the a2 gene from the ADH1 promoter (pCXJ18 1 pADH-a2), a plasmid overexpressing the STE12 gene from the GAL1-10 promoter (pGAL-STE12 1 pCXJ20), or plasmids overexpressing both STE12 and a2 (pGAL-STE12 1 pADH-a2). The MATa tester strain was WM52, and diploids were selected on SD.
ume6/ume6 diploid. To further characterize this phenotype, we performed random spore analysis in which vegetative cells were killed by heat treatment. The number of cells in the original culture was determined by counting cells in a Bü rkner chamber. This analysis revealed that sporulation occurred with a .100-fold reduced efficiency in the ume6/ume6 diploid compared to the wild-type diploid (Table 2) . Interestingly, the viable cell count was almost 30-fold lower compared to the total cell count in the ume6/ume6 diploid strain before heat treatment, indicating that ume6/ume6 diploids were largely inviable after exposure to sporulation conditions. We concluded that Ume6 was required for sporulation in K. lactis.
Ume6 acts independently of Sin3 and Rpd3 in silencing of the cryptic mating-type loci and repression of meiotic genes: S. cerevisiae Ume6 directly interacts with Sin3/Rpd3 in a large protein assembly known as the Rpd3L complex (Carrozza et al. 2005) . We generated sin3 and rpd3 null mutant strains assuming that, if K. lactis Ume6 acted as part of an Rpd3L complex, then these null alleles would phenocopy one or several of the phenotypes displayed by ume6 strains. First, we explored the role of Sin3 and Rpd3 in silencing and repression of meiotic genes. Neither gene was required for silencing of HMLa (data not shown) or for repression of SPO69 transcription during vegetative growth ( Figure 6B ). Moreover, deletion of these genes did not suppress the mating defect of a MATa sir2 strain or generate mating defects in either a MATa or a MATa background ( Figure  6D ). Homozygous rpd3/rpd3 and sin3/sin3 diploid strains had a defect in successful tetrad production, however, indicating that these genes were required for some aspect of meiosis. Hence, Ume6 appeared to act independently of Sin3/Rpd3 in silencing of the cryptic mating-type loci and repression of SPO69 transcription during vegetative growth.
DISCUSSION
We explored the role of Ume6 in K. lactis with respect to transcriptional silencing of the HM-loci, repression of meiotic genes, and mating. Ume6 apparently had important roles during both mitosis and meiosis and, unexpectedly, a role in diploid cells to maintain the a/a-cell identity.
Our results strongly suggest a direct role for Ume6 in silencing of the cryptic mating-type loci. We have three arguments for this notion: (1) deletion of the UME6 gene led to derepression of both HM-loci; (2) both the HMLa and HMRa silencers contain Ume6-binding sites and the site present in the HMLa silencer was important for silencing (Sjö strand et al. 2002); and (3) ChIP experiments showed that Ume6-13XMyc associated specifically with the silencers.
The silencers in K. lactis are bound by the Reb1 and Ume6 proteins as well as by an unknown protein that Figure 2C by using locus-specific primers for the SPO69 regulatory region. Values on the y-axis are the average of two independent experiments displaying the maximum and minimum values as error bars. (D) Mating test of the MATa strains WT (CK213), rpd3 (SAY276), rpd3 sir2 (SAY945), sin3 (SAY839), and sin3 sir2 (SAY947) to the MATa tester strain (WM52) (left, top and bottom). Diploids were selected on SD 1 Ura. Mating tests of MATa strains WT (SAY119), rpd3 (SAY789), and sin3 (SAY838) to the MATa tester strain (CK213) (right, top and bottom). Diploids were selected on SD 1 Ura, Leu, Trp, and Met. presumably binds to the C-box in the HMLa silencer (Sjö strand et al. 2002) . A major role for these proteins should be to recruit Sir proteins to the HM loci. However, we have been unable to demonstrate any direct interactions between Reb1/Ume6 and Sir2. We speculate that either the as-yet-unknown C-box-binding protein is responsible for Sir2 recruitment or the potential interaction between Reb1/Ume6 and Sir2 requires an unknown adaptor protein. K. lactis contains a functional Sir4 homolog, which also is required for efficient silencing (Å strö m and Rine 1998; Hickman and Rusche 2009). In two-hybrid experiments, we have failed to observe an interaction between Sir4 and Reb1/ Ume6. The silencer-binding proteins in S. cerevisiae are ORC, Rap1, and Abf1. The differences between Kluyveromyces and Saccharomyces are apparent, and a reasonable hypothesis is that the nature of silencer-binding proteins evolves quickly. Consistent with this notion, it was recently observed that among Saccharomyces sensu stricto species the base-pair substitution rate at silenced chromatin, including HMRa and HMLa, was higher than in nonsilenced chromatin (Teytelman et al. 2008) . It was suggested that this increased base-pair substitution rate was due to the effects of the silencing machinery on DNA replication or repair. How the differences in silencer-binding sites between Kluyveromyces and Saccharomyces developed is an interesting subject since silencing presumably was maintained at all stages. We speculate that other yeasts may utilize transition-state silencers compared to modern K. lactis and S. cerevisiae, as shown elegantly for cell-type-specific promoters by others (Tsong et al. 2006) . Hence, it would be interesting to study HM silencers in other budding yeasts whose phylogeny suggest an intermediate position compared to S. cerevisiae and K. lactis.
Deletion of the UME6 gene resulted in a MATaspecific mating defect. This was largely due to the fact that MATa ume6 strains repressed hsgs. Deletion of HMRa did not completely suppress the mating defect of MATa ume6 strains, indicating that Ume6 had additional roles in MATa cells. We speculate that Ume6 was required for optimal levels of a factor promoting a-mating. In support of this idea, earlier studies in S. cerevisiae (Strich et al. 1994) showed that levels of a-factor were reduced in ume6 mutants through derepression of the a-specific gene BAR1, encoding an a-factor degrading enzyme.
The role of Ume6 in MATa-specific mating was complex. In MATa ume6 mutant strains, hsgs were not repressed even though HMLa was derepressed. This was most likely due to the relatively weak derepression of HMLa2. We showed that the level of the a1/a2 repressor was not high enough in the MATa ume6 mutant strain to induce repression of the hsgs MTS1 and STE4. Previously, we showed that base-pair substitutions in the Ume6-binding site of the HMLa silencer resulted in a strong mating defect of a MATa strain (Sjö strand et al. 2002) . However, in this experiment, we used a plasmidbased assay containing a minimal silencer fragment of only 102 bp. We speculate that, in the genomic context, removal of Ume6 results in only partial derepression of HMLa due to compensatory protein-binding sites outside of the 102-bp minimal silencer.
The suppression of the MATa sir2 mating defect by ume6 was unexpected and paralleled only by the SUM1-1 mutation in S. cerevisiae (Livi et al. 1990 ). Whereas SUM1-1 suppresses the mating defect in S. cerevisiae sir mutants by reinstating silencing (Laurenson and Rine 1991) , ume6 suppressed the mating defect in K. lactis by acting on the downstream components of the mating pathway. In the mating-competent sir2 ume6 doublemutant strain, expression of hsgs was low and similar to the expression levels in the sterile sir2 mutant strain. Importantly, a ste4 ume6 double mutant was completely sterile, showing that the absence of Ume6 did not bypass the requirement for mating pheromone signaling, but rather facilitated mating in the presence of low levels of gene products from hsgs. Instead, the results indicate that the MATa sir2 ume6 double-mutant strain mates because the a2 and STE12 transcripts were overexpressed. Consistent with this idea, ectopic overexpression of Ste12 and a2 substantially improved mating of a MATa sir2 strain. There is an analogous observation in S. cerevisiae, where the diploid dig1 dig2 double-mutant strains override the a/a repression of hsgs and mate as a pseudo a-strain. Dig1 and Dig2, also known as Rst1 and Rst2, form complexes with Ste12, thus acting negatively on Ste12-dependent transcription of mating-specific genes (Olson et al. 2000) . It was hypothesized that the elevated Ste12 activity in dig1 dig2 strains resulted in increased expression of a-specific genes. In addition, the Mcm1/a2 complex, which normally represses aspecific genes, is defective in the dig1 dig2 mutant strain, possibly as a2 is rendered unstable (Gelli 2002) . The MATa2 gene is essential for a-mating in K. lactis (data not shown) and is an activator of a-specific genes in Candida albicans (Tsong et al. 2003) . We hypothesize that a2 activates a-specific genes also in K. lactis. Moreover, we suggest that increased transcription of both a2 and Ste12 leads to a pseudo a-mating phenotype even when the a1/a2 repressor is present. The reason for the synergistic increase in a2 and STE12 transcription in the double-mutant strain compared to the single-mutant strains remains unknown. A recent study (Hickman and Rusche 2009) showed that KlSir2 acts in both a promoter-specific and a long-range manner to regulate transcription. In addition, KlSir2 interacts with KlSum1 to repress transcription of both a subset of sporulation genes and cell-type-specific genes. It is hence possible that the synergistic effect observed by us is due to indirect regulatory effects.
Ume6 was required for the MATa/MATa cell identity and thus has an important function of acting as a barrier to polyploidy. We speculate that this function of Ume6 may be related to the deregulation of a2 and STE12. The ascomycetes can broadly be divided into two groups: one group that has gone through a whole-genome duplication followed by massive gene loss and another group that has not duplicated their genome (Kellis et al. 2004) . K. lactis belongs to the latter group, and it is possible that the role of Ume6 in blocking polyploidization has contributed to this.
KlUme6 mediated repression of meiotic genes during vegetative growth, suggesting that this is a conserved role for Ume6 in many fungi. More unexpected was the observation that Ume6 acts independently of a potential Rpd3L complex (Carrozza et al. 2005) , at least independently of the Rpd3 and Sin3 subunits, in mediating repression of meiotic genes and in regulating mating. It is possible that the recruitment of an Isw2-containing complex has a more important role in Ume6-mediated repression in K. lactis than it has in S. cerevisiae.
A remarkable finding was that HMRa2 was expressed despite the silenced HMRa1 gene sharing the regulatory region with HMRa2. It is hence possible that there are DNA sequences in this 850-bp intergenic region that insulate HMRa2 from the silencing machinery. Consistent with this idea, the silenced HMRa1 gene is proximal to the silencer sequence that presumably nucleates silent chromatin formation. In this context, it should be noted that the a2 transcript was very scarce in a wildtype MATa strain. The much higher levels of the a2 transcript observed in MATa sir2 and MATa sir2 ume6 strains indicate that the a2 gene is inducible by conditions not yet defined. Hence, the expression of HMRa2 that we observed is probably at a very low basal level that may result from incomplete silencing. In summary, we obtained evidence for a conserved function of Ume6 in yeasts in repressing meiotic gene expression, but found a unique role for K. lactis Ume6 in preserving the a/a-cell identity and in silencing of the cryptic mating-type loci. 
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